We have investigated the correlation between deep-level photoluminescence and the density of small-angle grain boundaries in multicrystalline Si. A deep-level photoluminescence component around 0.87 eV, which we previously ascribed to oxygen precipitates, became lower and higher in the region with high and low density of small-angle grain boundaries, respectively. This can be explained by the dierences in the availability of oxygen atoms around respective small-angle grain boundaries. We performed focused ion beam time-of-ight secondary ion mass spectroscopy on special points emitting extremely strong 0.87 eV emission, and detected a clustered area of 16 O − . This is strong evidence for the idea that the 0.87 eV band is due to oxygen precipitates.
Introduction
Multicrystalline Si (mc-Si) is advantageous for the mass production of low-cost solar cells. However, mc-Si contains numerous small-angle grain boundaries (SAGBs), which act as recombination centers and decrease the minority carrier lifetime [14] . This is the reason that the conversion eciency of mc-Si cells is lower than that of single crystalline Si cells. Thus, extensive characterization of SA-GBs in mc-Si has been required. Photoluminescence (PL) intensity mapping is a useful technique to examine the distribution of SA-GBs non-destructively and without contact. SA-GBs appeared as dark lines in PL intensity mapping of the band-to-band (BB) emission at 1.1 eV [5, 6] . In contrast, the intensity of the deep-level emissions became strong around SA-GBs. We reported that deep-level emissions at room temperature consist of multiple bands [7] . One deep-level PL labeled D b around 0.87 eV was ascribable to oxygen precipitates. The intensity of the D b band became higher on SA-GBs, reecting that these grain boundaries acted as preferential precipitation sites for oxygen [7] . Another deep-level PL labeled D a1 around 0.79 eV, which was attributable to secondary defects or impurities attracted by a strain eld around SA-GBs, appeared as bright bands surrounding SA-GBs [7] . Objectives of the present study were to investigate the relationship between these deep-level emissions and the density of SA-GBs and to identify the origin of the D b band emission. * corresponding author; e-mail: tajima@isas.jaxa.jp
Experimental technique
Samples used for the present study were mc-Si wafers with a size of 156×156 mm 2 and thickness of 170 µm from a slowly solidied and a rapidly solidied ingot, where the ratio of the solidied rate between the two ingots was about 1.5. The slicing damage was etched o by a HNO 3 /HF solution. PL mapping experiments were performed at room temperature [8] under the excitation of the 532 nm line of a diode-pumped solid-state laser. The excitation power was 230 mW with a beam diameter of about 10 µm on the sample surface. The intervals of data sampling were 5 and 20 µm in Figs. 1 and 3, respectively. Emission from the samples was passed through bandpass lters to extract specic spectral components of interest, and then detected by a cooled photomultiplier (Hamamatsu R5509-72). To identify species of impurities in a minute area, we analyzed samples by a focused ion beam time-of-ight secondary ion mass spectrometer (FIB-TOF-SIMS).
Results and discussion
The microscopic intensity patterns for the D a1 emission at 0.79 eV, D b emission at 0.87 eV and BB emission at 1.1 eV in wafers from the slowly solidied ingot are shown in Fig. 1 . The density of SA-GBs in the area of Fig. 1ac is higher than in Fig. 1df , where the density was estimated from dark lines in the BB emission in Fig. 1c and f. The dierence in the density of SA-GBs caused the change of the intensity of the D b band emission, as shown in Fig. 1b and e. The intensity became lower and higher in the region with high and low density of SA-GBs, respectively. This can be explained by the hypothesis that SA-GBs act as preferential precipitation sites for oxygen and a shortage of oxygen occurs in an area where their density is high, causing oxygen precipitation retardation.
The intensity pattern for the D a1 band was also studied as shown in Fig. 1a, d . The intensity became higher in the region with lower density of SA-GBs. This can be explained in the same way as in the D b band: the concentration of the secondary defects or impurities interacting with SA-GBs becomes higher in an area where SA-GBs density is lower.
In order to check the validity of the above-mentioned hypothesis, we calculated the diusion length of oxygen during the crystal growth. The diusion constant of oxygen, D O , which is not aected by oxygen density, crystallographic orientation, or dopant impurities in a wide temperature range is given by
where k is the Boltzmann constant [9] . The diusion length is given by
where t is the diusion time. As a typical example, mcingots stay in an ambient higher than 1500 K for 2 h [10] . In this case the diusion length of oxygen is calculated to be more than 160 µm. Since the value is comparable to the spacing of neighboring SA-GBs in Fig. 1c , we believe that the oxygen diusion is one important factor of the present oxygen precipitation process.
The results of PL mappings for wafers sliced from the rapidly solidied ingot were essentially the same as those for the slowly solidied samples. The crucial dierence was the presence of points exhibiting extremely strong D b emission in slowly solidied samples as shown in a squared area in Fig. 1e . We believe that this reects the large growth of oxygen precipitates during a long period at high temperature in the slow solidication process.
We performed FIB-TOF-SIMS analysis on the strong intensity points in the square in Fig. 1e . The rst step was to determine the target points for the analysis. An optical micrograph around the points was overlapped on the highly spatially resolved intensity mapping of the D b band, as shown in Fig. 2a . A polishing scratch was used as a guide for determining the point. We found minute foreign substances by scanning ion microscope (SIM) image, as shown in Fig. 2b . Then, we removed oxidation lms by sputtering and performed FIB-TOF-SIMS analysis of the point. As shown in Fig. 2c, Finally, we consider it worthwhile to point out the difference in the propagation of SA-GBs between the areas where they are high and low in density. Figure 3 shows the intensity mappings of the BB band representing the SA-GB patterns in (a) high and (d) low density areas in the wafer sliced from the rapidly solidied ingot at a height of 180.1 mm from the bottom, where the total height of the ingot is about 240 mm. The identical high and low density areas at a height of 185.8 mm are shown in (b) and (e), respectively. The SA-GB patterns propagated parallel to the growth direction in the high density area as shown in Fig. 3c , where the patterns in (a) and (b) are overlapped. This indicates that the SA-GBs have a columnar structure. In contrast, the patterns in the low density area varied complicatedly with the growth direction, as shown in Fig. 3d and e. Our group reported previously a similar variation of the SA-GB structure and discussed its origin in relation to the crystal growth condition [5] . 4. Conclusions We conrm the origin of the D b band appearing on SAGBs in mc-Si as oxygen precipitates on the basis of the microscopic deep-level PL mapping and FIB-TOF-SIMS analysis. The intensity of the D b band became higher in the region with a lower density of SA-GBs, suggesting that more oxygen atoms were available for the precipitation at respective grain boundaries. The D b band appeared granular along SA-GBs and especially strong intensity points were often observed in slowly solidied samples but not in rapidly solidied samples. This reects that the long-time annealing enhances the oxygen precipitation in the slowly solidifying process. Finally, oxygen ions were successfully detected from the strong intensity points by FIB-TOF-SIMS analysis. These results allow us to conclude denitely that the D b band is due to oxygen precipitates.
